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Our sample of cool dwarf stars from previous papers (Mashonkina & Gehren euba, eubasr) is extended
in this study including 15 moderately metal-decient stars. The samples of halo and thick disk stars have
overlapping metallicities with [Fe/H] in the region from −0.9 to −1.5, and we compare chemical properties
of these two kinematically dierent stellar populations independent of their metallicity. We present barium,
europium and magnesium abundances for the new sample of stars. The results are based on NLTE line
formation obtained in dierential model atmosphere analyses of high resolution spectra observed mainly using
the UVES spectrograph at the VLT of the European Southern Observatory. We conrm the overabundance
of Eu relative to Mg in halo stars as reported in our previous papers. Eight halo stars show [Eu/Mg] values
between 0.23 and 0.41, whereas stars in the thick and thin disk display a solar europium to magnesium
ratio. The [Eu/Ba] values found in the thick disk stars to lie between 0.35 and 0.57 suggest that during
thick disk formation evolved low-mass stars started to enrich the interstellar gas by s-nuclei of Ba, and
the s-process contribution to barium thus varies from 30% to 50%. Based on these results, and using the
chemical evolution calculations by Travaglio et al. (eu99), we estimate that the thick disk stellar population
formed on a timescale between 1.1 to 1.6 Gyr from the beginning of the protogalactic collapse. In the halo
stars the [Eu/Ba] values are found mostly between 0.40 and 0.67, which suggests a duration of the halo
formation of about 1.5 Gyr. For the whole sample of stars we present the even-to-odd Ba isotope ratios as
determined from hyperne structure seen in the Baii resonance line λ 4554. As expected, the solar ratio 82
: 18 (Cameron cam) adjusts to observations of the Baii lines in the thin disk stars. In our halo stars the
even-to-odd Ba isotope ratios are close to the pure r-process ratio 54 : 46 (Arlandini et al. rs99), and in the
thick disk stars the isotope ratio is around 65 : 35 (10%). Based on these data we deduce for thick disk
stars the ratio of the s/r-process contribution to barium as 30 : 70 (30%), in agreement with the results
obtained from the [Eu/Ba] values. Line: formation { Nuclear reactions, nucleosynthesis, abundances { Stars:
abundances { Stars: late-type { Galaxy: evolution
Introduction
In this paper we continue our study of element abundances in cool dwarf stars, which gives useful infor-
mation about nucleosynthesis in the Galaxy and also for some important parameters of Galactic evolution.
In our previous studies (Mashonkina & Gehren euba, eubasr, hereafter Paper I and II) strong evidence for
a distinct chemical history of the thick and thin disk was found from analyses of the Eu/Fe and Eu/Ba
ratios: europium is overabundant relative to iron and barium in the thick disk stars, and there is a step-like
decrease in the [Eu/Ba] and [Eu/Fe] values at the thick to thin disk transition. The europium to barium
abundance ratio is particularly sensitive to whether nucleosynthesis of the heavy elements occurred in the
s- or r-process. For solar system matter Eu,−Ba, = −1.67 (Grevesse et al. met96). The contributions
of the s- and r-process to the solar Ba abundance consist of 81% and 19% according to the recent data of
Arlandini et al. (rs99), whereas 94% of the solar europium originated from the r-process. This result has
been obtained by Arlandini et al. (rs99) as the best-t to the solar main s-component using stellar AGB
models of 1.5 M and 3 M with half solar metallicity. A very similar result for Ba and Eu has been ob-
tained by Travaglio et al. (eu99) by the integration of s-abundances from dierent generations of AGB stars,
i.e. considering the whole range of Galactic metallicities. Thus, the solar abundance ratio of Eu to Ba con-
tributed by the r-process relative to the total abundances, [Eu/Ba]r, equals 0.70. In several studies Sneden
et al. (sned96, sned00), Cowan et al. (Cowan99, Cowan02), and Hill et al. (hill) have presented arguments
supporting constant relative r-process element abundances during the history of the Galaxy (at least, where
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Z < 70). Due to the delay in the onset of main s-process nucleosynthesis during the thermally pulsing asymp-
totic giant branch (AGB) phase of low-mass stars (2 . . . 4M) compared with the production of r-nuclei in
SNe II, theoldeststarsintheGalaxyareexpectedtocarryasignificantEuoverabundanceofabout0.7dexrelativetobarium.Aclea
processinheavyelementproductionattheepochofthehaloandthickdiskformation.Abruptchangesin[Eu/Fe]and[Eu/Ba]clear
In this paper we add 15 newly observed stars. For the sample of thick disk stars the range of metallicities
is now extended to [Fe/H] = −1.49, and we rst determine Eu and Ba abundances in the \metal-weak thick
disk" stars. The sample of metal-poor stars with both Ba and Eu abundance available includes 10 stars
with metal abundances from −0.90 to −1.71. These new data improve the statistical signicance of our
earlier conclusions. We use the obtained [Eu/Ba] abundance ratios to evaluate the ratio of the s/r-process
contribution to the barium isotopes. Based on chemical evolution calculations of Travaglio et al. (eu99) we
then estimate the timescale for the halo and thick disk formation.
The s/r-process ratio can be found in an independent way from analysis of the Baii lines. The idea
is based on the fact that the larger the r-process contribution is, the larger the fraction of odd isotopes
must be, and the stronger the hyperne structure (HFS) broadening of the Baii resonance line, λ 4554. The
even-to-odd Ba isotope ratio is determined from the requirement that Ba abundances derived from the Baii
subordinate lines (which are free of HFS eect) and the resonance line must be equal. In this study the
even-to-odd Ba isotope ratios are derived for the samples of halo, thick and thin disk stars. They reveal
a distinction between the dierent Galactic stellar populations. The solar ratio 82 : 18 (Cameron, cam)
adjusts to observations of the Baii lines in thin disk stars. A mean ratio 65 : 35 (10%) is obtained for thick
disk stars, whereas halo stars are observed with values close to the pure r-process ratio 54 : 46 (Arlandini et
al., rs99).
In Paper I we rst reported an overabundance of europium relative to magnesium of more than 0.2 dex
in two halo stars. The knowledge of Eu/Mg abundance ratios in the oldest stars of the Galaxy is of great
importance for understanding nucleosynthesis in the early Galaxy. One commonly believes that Mg and Eu
are mainly produced in SN IIexplosions, butthequestionremainswhetherα- and r-process occur in a com-
mon site. Theoretical predictions of SN IIelementyieldsshowthat[α/Fe] increases with increasing progenitor
mass (Arnett A91). Most theoretical models of r-process nucleosynthesis are based on low mass (8 . . . 12M)
supernovae (Wheeler et al. rproc; Tsujimoto & Shigeyama Tsujimoto). However, even the lowest mass
SN IIprogenitorshaveveryshortevolutiontimesoflessthan20millionyears.Thus, ifmixingoftheinterstellargasintheearlyG
Here we determine the [Eu/Mg] abundance ratios for an extended sample of halo stars. Eight of the
ten stars show an overabundance of europium relative to magnesium with a mean value of 0.31  0.06
dex, whereas in both the thick and thin disk stars europium follows magnesium. This observational result
points at dierent sites for the r-process and α−process, respectively, and it poses problems on some aspects
of Galactic chemical evolution such as mixing of the interstellar matter during the halo formation phase,
additional sources of Galactic magnesium in stars with M < 8M, and the astrophysical site (or sites?) for
the r-process.
Our results are based on high-resolution ( 60 000) spectra observed using the UVES echelle spectro-
graph at the ESO VLT2 telescope and the FOCES echelle spectrograph at the 2.2 m telescope at Calar Alto
Observatory. Stellar parameters of the newly included stars are derived with the same methods as applied
to the remaining stars of our sample which were selected from Fuhrmann’s (Fuhr3, Fuhr00) lists. Eective
temperatures are from Balmer line prole tting, surface gravities log g from Hipparcos parallaxes and mod-
elling the line wings of the Mgib triplet; metal abundances [Fe/H] and microturbulence values from prole
tting of Feii lines. As in our previous studies barium and europium abundances are based on non-local
thermodynamical equilibrium (NLTE) line formation for Baii and Euii. NLTE magnesium abundances are
determined from the Mgi lines using NLTE abundance corrections calculated by Zhao & Gehren (mgzh01).
The paper is organized as follows. Observations and data reduction are described in Sect. 2. In Sect.
param we determine stellar parameters and identify the membership of individual stars in particular stellar
populations of the Galaxy. NLTE magnesium, barium and europium abundances are derived in Sect. abund
and the even-to-odd Ba isotope ratios in Sect. isotope. In Sect. discus we discuss the element abundance
ratios and their implications for nucleosynthesis and the evolution of the Galaxy.
Observations and data reduction
Our sample of 63 stars from Paper II is extended in this study by including 15 newly observed stars. For
the three brightest stars, HD25329, HD 148816andHD 193901, spectrawereobservedbyKlausFuhrmannwitharesolutionof
2
60 000 and for BD+183423 by one of the authors (TG) at R  40 000 using the ber optics Cassegrain
echelle spectrograph FOCES at the 2.2m telescope of the Calar Alto Observatory in August and October
2001. The signal-to-noise ratio is 200 or higher in the spectral range λ > 4500 A, but smaller in the blue,
where S/N  30 near the Eu line at λ = 4130 A. The data cover an approximate spectral range of 4000 -
7000 A.
For metal-poor stars with fainter magnitudes it is necessary to observe with a larger telescope because
only this guarantees simultaneously high resolution and high signal-to-noise ratio, both needed to detect and
model the extremely faint Eu and Ba lines. In April 2001 therefore 14 metal-poor stars were observed using
the Ultraviolet and Visual Echelle Spectrograph UVES (Dekker et al. UVES) at the 8m ESO VLT2 telescope
on Cerro Paranal. As usual, at least two exposures were obtained for each star to keep the influence of hot
pixels at a minimum. Data extraction followed a full multi-exposure echelle analysis originally developed
for the FOCES spectrograph and taking advantage of data redundancy. This turned out to be much more
reliable than standard optimal extraction. Finally, the resulting order spectra were rectied with the help
of spectral continua in neighbouring orders. Typical line proles are seen in Fig. hd1022. In spite of the
considerable eorts both in observing and in extracting the spectra, three of the stars could not be used in
our present analysis. HD140283issometal− poorthatevenwiththehighS/NratiotheBaiiλ5853, λ 6496 and
Euii λ 4129 lines cannot be extracted from noise. BD -32525 and CD522174, turn out to show double-lined
spectra.
Stellar parameters param
For the three stars marked with an asterisk in Table startab, we use stellar parameters determined
spectroscopically by Fuhrmann (Fuhr02b). Eective temperatures are found from Balmer line prole t-
ting, surface gravities log g from analysis of the line wings of the Mg Ib triplet; metal abundances [Fe/H]
and microturbulence velocities are derived from Feii line prole tting. For the remaining stars listed in
Table startab stellar parameters are determined using the same methods, with log g calculated from the
Hipparcos parallaxes. Our analyses are all based on the same type of model atmospheres. In stellar param-
eter determinations we use the MAFAGS line-blanketed LTE model atmospheres generated and discussed
by Fuhrmann et al. (Fuhr1).
Effective temperatures: Theoretical Hα and Hβ line proles are calculated according to the description
given by Fuhrmann et al. (Fuhr93). For each star the dierence of eective temperatures obtained from Hα
and Hβ is less than 100 K, and for 12 stars the mean value (Hα - Hβ) = −2060 K. We adopt the average
value of (Hα) and (Hβ) as nal eective temperature and estimate a statistical error of  60 K.
Surface gravities: Nearly all stars investigated here have Hipparcos parallaxes (ESA ESA) with an ac-
curacy σ(pi)/pi < 0.2 (the only exception being BD−43208 with σ(pi)/pi = 0.27). The well-known relation be-
tween g, stellar mass M , radius R and is used to calculate log g (Hip), wheresquarebracketsdenotethelogarithmicratiowithres
[M ]+4[]+0.4(Mbol−Mbol,) .Here,Mbol is the absolute bolometric magnitude, with bolometric corrections
taken from Alonso et al. (BC). For the Sun, an absolute visual magnitude MV, = 4.83 and bolometric
correction BC = −0.12 (Allen Allen) are adopted. The mass is obtained by interpolating in the Mbol vs.
log Teff diagram between the α-element enhanced isochrones of 12 Gyr and 16 Gyr calculated by VandenBerg
et al. (VdB2000). The internal precision of the mass is estimated to be better than 0.05M.
The error of the surface gravity log g (Hip)derivedfromHipparcosparallaxesisdominatedbytheerrorofpi,
where σ(pi)/pi = 0.20 transforms to σ(log g) = 0.16 dex. Column 4 of Table startab lists log g (Hip)andtheerrorsobtainedfrom
HD/BD Mass 2clog g [Fe/H]
 stellar parameters from Fuhrmann (2002b)
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